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Abstract: In this study, a novel polarization converter (PC) based on square lattice photonic crystal
fiber (PCF) is proposed and analyzed. For each square unit in the cladding, two identical circular
air holes are arranged symmetrically along the y = x axis. With the simple configuration structure,
numerical simulations using the FDTD analysis demonstrate that the PC has a strong polarization
conversion efficiency (PCE) of 99.4% with a device length of 53 µm, and the extinction ratio is
−21.8 dB. Considering the current PCF fabrication technology, the structural tolerances of circular
hole size and hole position have been discussed in detail. Moreover, it is expected that over the
1.2∼1.7 µm wavelength range, the PCE can be designed to be better than 99% and the corresponding
extinction ratio is better than −20 dB.
Keywords: polarization converter; photonic crystal fiber; square lattice
1. Introduction
With the rapid development of Internet, high frequency communication systems have been widely
studied to realize the next-generation advanced communication system. Among several means of
communication, the optical communication system attracts a lot of attention since it can achieve a
high-speed and large-capacity data transmission. In recent years, studies on special optical fibers and
high-performance optical devices promote the performance of optical communication system. Photonic
crystal fiber (PCF) [1,2] is a newly emerging optical fiber with a periodic arrangement of microscopic
air holes running along the fiber axis in the cladding region. For this kind of fiber, the refractive
index of cladding can be easily controlled by adjusting the geometry and distribution of the holes.
In comparison to conventional optical fiber, PCF shows basic properties like birefringence, nonlinearity
and single-polarization transmission that can be tailored to achieve extraordinary outputs [3–5].
Polarization converters (PCs) [6–20] plays an important role in the modern communication
systems and photonic integrated circuits, such as polarization division multiplexing systems [21],
polarization diversity systems [22], and polarization switches [23]. Until now, several approches
have been used to design PCs, which can be classified into two types. The first type is using the
mode interference. The waveguide has a high birefringent core by using asymmetrical cross section,
liquid crystal or with hybrid plasmonic. Two orthogonal guided modes are excited and beat together
rhythmically with the light propagation. Polarization conversion can be achieved when the two guided
modes accumulate a pi-phase shift after undergoing each beat length. The second type of approach
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is on the basis of mode coupling. In this approach, at least two waveguides are used. Utilzing the
birefringence of the input waveguide, the specified polarization mode is coupled and converted into
the adjacent output waveguide by satisfying the phase matching condition. In contrast, another
polarization mode in the input waveguide will keep propagating along because of the significant
effective index difference between the two waveguides, resulting in very weak coupling. According
to these two design mechanisms, plenty of PCs have been proposed based on waveguides or fibers.
So far, several kinds of PCF based fiber type PCs have been designed by using a liquid crystal
core [11–14], asymmetric core [15,16], plasmonic core [18] and elliptical hole core [19], etc. M. Hameed
et al. proposed two kinds of PCs using a liquid crystal core [12–14] and an asymmetric core [15,16],
respectively. Although these PCs can achieve a high polarization conversion efficiency (PCE) and a
low extinction ratio (ER), the temperature dependence of liquid crystals and the non-Gaussian field
distribution caused by the asymmetric structures limit the application of these PCs. L. Chen et al.
designed a PC based on hybrid plasmonic PCF in 2014. The PC offers a 93% PCE with a device length
of 163 µm. However, the PC suffers from a quite high insertion loss due to the use of metal copper.
After then, in 2016, Z. Zhang et al. proposed a cross-talk free PC with a symmetric distribution using
several tilted elliptical air holes in the core region [19]. Almost 100% PCE is achieved with a compact
device length of only 31.7 µm. Whereas, it suffering a low structural tolerance due to the difficulty of
producing elliptical holes in the PCF. Consequently, the use of different air hole shapes or multiple
materials increases the manufacturing difficulties and leads to a low structural tolerance. Therefore,
in designing a fiber type PC, in addition to achieve a high PCE and a low ER, a Gaussian-like field
distribution and a large structural tolerance are also essential.
In this study, a novel PC element based on a square lattice PCF with a simple configuration
structure is reported and analyzed. Since only one type of circular air hole is adopted to consist the PC,
it can be easily fabricated with the method of stack and draw [24]. The setting of geometric parameters
and the light propagation behavior are illustrated in the next section. After that, considering the current
PCF fabrication technology, the structural tolerances of the circular air hole size and air hole position
have been discussed in detail. Moreover, the wavelength dependence of the proposed PC has also
given in Section 3. In this study, the full-vectorial finite-element method (FV-FEM) and finite-difference
time-domain (FDTD) method have been used to estimate the modal effective index and the light
propagation, respectively.
2. Square Lattice PC with Double-Hole Unit
2.1. Design of Square Lattice PC
In this section, a PC with double-hole unit cells in the cladding is illustrated. Figure 1 shows
the cross section of our proposed PC based on a square lattice PCF. The light blue region and white
circular area represent the background material SiO2 and air holes, respectively. The square lattice
pitch refers to Λ. For each unit cell, which is represented with red wire frame, two air holes (with the
diameter dc) are arranged symmetrically along the diagonal. The distance between the center of two
air holes is represented by ∆D. The angle θ is 45 degrees. In the periodic lattice component, one defect
is introduced to confine the light as the core region. Due to the symmetrical distribution along y = x,
the polarization conversion can be achieved using two excited hybrid modes that are polarized in the
±45◦ directions with respect to the x axis.
According to the phase matching condition, the conversion length Lpi is defined as
Lpi =
0.5λ
neff,1 − neff,2 , (1)
where λ is the operation wavelength and neff,1 and neff,2 are the effective indices of fundamental and
1st-higher-order modes, respectively. As an incident light travels to L along the z direction, the PCE of
a PC, which is an important performance indicator, is defined as follows [10]:







where the rotation angle ϕ is defined by the fundamental mode field:





Here, n(x, y) is the refractive-index distribution, and Hx(x, y) and Hy(x, y) are the non-domain
and domain magnetic fields of the fundamental mode, respectively. The modal hybrid, which is
represented by R in Equation (3), is a quantity between 0 and 1. Therefore, R = 1 results in a PCE of
100% at L = Lpi .
Figure 1. Cross-section view of square lattice PC with double-hole unit in the cladding.
The variation of conversion length with different geometric parameters is investigated at a
wavelength of 1.55 µm, as illustrated in Figure 2. Here, the refractive indices of SiO2 and air are 1.45
and 1, respectively, the lattice pitch is set to Λ = 1 µm. Simulation results using FV-FEM demonstrate
that under these conditions, only two modes (the fundamental mode and the 1st-higher-order mode)
are excited to dominate the polarization behavior. The parameter ∆S represents the horizontal distance
between the center of air hole and the lattice for each unit cell. It is revealed that the PC has a shorter
conversion length with a larger cladding hole size. Additionally, the variation of parameter ∆S has
a small effect on the PC conversion length with a large hole size. In particularly, for dc/Λ = 0.6,
the conversion length is almost unaffected by the ∆S. In this case, considering that adjacent air holes on
the same diagonal direction cannot overlap with each other, therefore, the parameter ∆S between 0.22
to 0.28Λ has been investigated to make the PC manufacturable. In this paper, the ∆S is fixed to 0.25Λ,
i.e., the hole gap ∆D =
√
2/2Λ. Moreover, the modal hybrids of fundamental and 1st-higher-order
modes with different hole sizes have also been discussed. From Figure 3, as increasing the dc/Λ
from 0.4 to 0.6, the conversion length decreases from 384 µm to 53 µm, while the fundamental and
1st-higher-order modes have almost the same modal hybrid which are increasing from 0.914 to almost
1.000. It is evident from this figure that the values of R are better than 0.999 for dc/Λ > 0.48.
Figure 4a–d show the magnetic field distributions of Hx and Hy components for fundamental and
1st-higher-order modes with dc/Λ = 0.6 at a wavelength of 1.55 µm. It is apparent that each mode has
almost the same magnetic field distributions, and the numerical results reveal that the modal hybrid is
0.999995 for the fundamental mode and 0.999996 for the 1st-higher-order mode. The light propagation
behavior through the PC with Lpi = 53 µm is shown in Figure 5. The 3D FDTD method with a grid
size of ∆x = ∆y = 0.015 µm and ∆z = 0.05 µm has been adopted in this investigation. The obtained
normalized power against the propagation length is given in Figure 6. It is obvious that with a TM
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mode launched into the PC, it can be completely converted into the TE mode at z = 53 µm. In addition,
the calculated PCE is better than 99.4% and the ER is better than −21.1 dB.
Figure 2. Conversion length as a function of ∆S with different cladding hole diameters at λ = 1.55 µm.




































Figure 3. Conversion length as a function of dc and the corresponding modal hybrids of fundamental
and 1st-higher-order modes at λ = 1.55 µm.
Figure 4. Magnetic field distributions of (a) Hx and (b) Hy components for the fundamental mode, and
(c) Hx and (d) Hy components for the 1st-higher-order mode with dc/Λ = 0.6 and ∆D/Λ =
√
2/2.
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Figure 5. Propagation behavior of a TM mode incident light in the PC along z direction at λ = 1.55 µm.
(a) Hx (b) Hy components.
Figure 6. Normalized power variation of the TM mode incident light against the propagation distance.
2.2. Gaussian-Like Field Distribution of the PC
Considering the connection between a PC element and a conventional single-mode fiber (SMF),
a Gaussian-like field distribution of a PC is necessary to suppress the insertion loss. Unlike previous
studies using the asymmetric core distributions, our proposed PC can easily offer a Gaussian-like
electromagnetic field distribution. In this study, we measure the mode matching ratio (MMR) between
the fundamental mode of the PC and a Gaussian field distribution using the following overlap integral:
MMR =
∣∣∫ φ(x, y)g(x, y)dxdy∣∣2∫ |φ(x, y)|2 dxdy ∫ |g(x, y)|2 dxdy , (4)
where φ(x, y) is the field distribution of fundamental mode. The Gaussian field distribution is
represented by the g(x, y) as follows,
g(x, y) = exp(−(x2 + y2)/δ2), (5)
where δ is the standard deviation of g(x, y). Moreover, the spot size of a Gaussian field distribution,
which is illustrated by w, is the diameter at which the light intensity |g|2 drops to 1/e of its maximum
value. The spot size is calculated by w = 2
√
2δ. The maximum value of MMR between an excited
fundamental mode of the PC and an appropriate Gaussian field distribution can be obtained by
adjusting the value of δ. Table 1 illustrates the maximum MMR of each fundamental mode with an
appropriate Gaussian field distribution (the corresponding spot size w/Λ is illustrated under each
MMR). According to the calculated results, the excited modes of the proposed PC show quite a great
Crystals 2019, 9, 58 6 of 11
agreement with Gaussian field distributions. Therefore, we believe our proposed PC has a great
potential to be used with a low insertion loss.
Table 1. MMR of Each Fundamental Mode with an Appropriate Gaussian Field Distribution
(w represents spot size for each Gaussian distribution).
dc/Λ 0.45 0.5 0.55 0.6
MMR 95.52% 96.43% 97.03% 97.45%
(w/Λ) (3.05) (2.63) (2.35) (2.15)
3. Structural Tolerance and Wavelength Dependence
So far, the propagation property of the PC with double-hole unit has been investigated. Compared
to the previously proposed PCF based PCs [11–20], the optical device in this study has almost the same
level of a high PCE and a low ER. However, the PC element with only one kind of circular air holes is
the most prominent feature of this study. The simple structure distribution reduces the manufacturing
difficulty and enlarges the structural tolerance simultaneously. Considering the current PCF fabrication
technology, the structural tolerance should be discussed. In this study, we discuss the tolerances of hole
size and hole position by investigating the variation of PCE, respectively. Additionally, the wavelength
dependence of the PC has also been discussed. According to the calculation formula of the PCE
in Equation (2), for a designed PC element, the modal hybrid (R) and the difference between the
fixed device length (L) and the conversion length (Lpi) are two primery factors affecting the final PCE.
Therefore, the variation of parameters R and L− Lpi with different conditions (the deviation of hole
size, change of hole position or variation of operation wavelength) should be taken into account.
3.1. Tolerance of Cladding Hole Size
Firstly, the structural tolerance of hole size in the PC has been investigated. The variations of
parameters L− Lpi and R against the hole diameter with different deviation levels have been discussed
and illustrated in Figure 7. Here, we claim that the fixed device length for each case is the completely
conversion length of the PC with designed air hole sizes, i.e., L = 199 µm for dc/Λ = 0.45, L = 119 µm
for dc/Λ = 0.5, L = 77 µm for dc/Λ = 0.55, and L = 53 µm for dc/Λ = 0.6. It is revealed from Figure 7
that with the deviation of dc from−1.5% to 1.5%, the modal hybrids for dc/Λ =0.5, 0.55, and 0.6 remain
almost 1.000. Therefore, the final PCEs are mainly dependent on the value of L− Lpi . On the contrary,
for the dc/Λ = 0.45, the parameter R increases from 0.991 to 0.996, and the variation of difference
between the fixed device length and the conversion length is also relatively large. Consequently,
the PCE is effected by the modal hybrid and the difference between L and Lpi simultaneously.



























Figure 7. The variation of difference between a fixed device length and the corresponding conversion
length (L− Lpi) and the modal hybrid (R) against the hole diameter with different deviation levels at
λ = 1.55 µm.
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Figure 8 is the contour map of the PCE as a function of the deviation of hole diameter with different
hole sizes from 0.4Λ to 0.6Λ. The contour line with a PCE of 99% is represented by a dash-dotted line.
Simulation results reveal that within the deviation range of ±1.5%, the PC with a larger cladding hole
size has a wider tolerance range to achieve the PCE better than 99%. In particularly, for dc/Λ =0.6,
the corresponding tolerance range is ±1.5% (±9.0 nm), which is 7 times as larger as that of the PC
in [19]. Therefore, we believe that a simple structure PC with a relative large tolerance is achieved.
Figure 8. The variation of the PCE as a function of the deviation of hole diameter with different
hole sizes.
3.2. Tolerance of Cladding Hole Position
Then, the tolerance of circular hole position in each unit cell is investigated. The square lattice PC
with a symmetric structure along y = x axis makes the angle between the modal optical axis and the
horizontal axis to be 45 degrees. In this study, two circular air holes are arranged symmetrically along
the diagonal for each unit cell to achieve the highest PCE. However, the positions of the circular holes
will be slightly varied during the actual production process. The slight asymmetrical distribution of
cladding holes results in a decrease of the modal hybrid. Here, we investigated the variation of PCE
against the parameter θ with a constant hole gap of ∆D =
√
2/2Λ. The variations of the two major
factors have been investigated with different rotation angles from 40 to 50 degrees, as illustrated in
Figure 9. The fixed device length for each hole size is the same as previously. For the variation of
L− Lpi , the differences increase as the angle θ deviates from 45 degrees. Additionally, for the variation
of modal hybrid, the parameter R reaches the maximum value at θ = 45◦ for dc/Λ =0.5, 0.55 and 0.6,
and the value gradually decreases as the angle varied. It is worth noting that the PC with a larger
hole size has a stronger angle dependence. This is because the light is mainly confined in the core,
and a larger cladding hole size leads to a stronger light confinement. Therefore, the light confinement
region in the core has a strong dependence on the positions of first layer air holes in the cladding.
A slight angle variation of the first layer holes may lead to a change in modal hybrid of excited modes.
On the other hand, for a PC with dc/Λ =0.45, the light confinement is relatively weak. Moreover, as
the result shown in Figure 3, the corresponding modal hybrid is lower than 1.00 at θ = 45◦. While for
the simulation result in Figure 9, it is noted that the maximum value of modal hybrid exists at θ = 46◦.
Therefore, for PC with a small hole sizes, the maximum value of the PCE will shift in the direction of θ
larger than 45 degrees.
Considering the two major factors, the variation of PCE against the parameter θ has been discussed
and illustrated in Figure 10. The contour line with a PCE of 99% is represented by a dash-dotted line.
It is evident that the PCE of a PC with a cladding hole size around 0.5Λ is better than 99% for θ from
40 to 49 degrees. For the PC hole size larger than 0.5Λ, the corresponding angle range decreases, and
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the maximum value of PCE remains at 45 degrees. While for the dc/Λ < 0.5, the maximum value of
PCE gradually shifts to a large rotation angle, which is in agreement with the aforementioned analysis.



























Figure 9. The variation of difference between a fixed device length and the corresponding conversion
length (L− Lpi) and the modal hybrid (R) against the angle θ with different values at λ = 1.55 µm.
Figure 10. The variation of the PCE as a function of the deviation of angle θ with different hole sizes.
3.3. Wavelength Dependence
In order to confirm the wide-band transmission, the wavelength dependence of our proposed PC
has also been discussed in detail. It is worth to note that more than two modes are excited for the PC
with a short operation wavelength. Although other higher-order modes appear at a short wavelength
(such as a wavelength range of 1.2∼1.45 µm for the PC with dc = 0.6Λ), the incident light of the FDTD
simulation is only using the fundamental and the 1st-higher-order modes. Simulation results show
that the other higher-order modes are not excited during the light propagation. Therefore, the effect
of other modes on the polarization behavior is negligible. The variations of the difference between
device length and conversion length, and the modal hybrid with different operation wavelengths
are respectively illustrated in Figure 11. According to the simulation results, since the conversion
length of the PC increases with wavelengths, the value of L− Lpi varies from positive to negative as
the wavelength changes from 1.2 to 1.8 µm. Moreover, the modal hybrid of each case decreases as the
wavelength increases. Consequently, the variation of PCE against the wavelength for different hole
sizes is shown in Figure 12. It can be seen that the PCE is better than 99% for dc/Λ = 0.5 within a
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wavelength range of 1.45 to 1.62 µm (about 170 nm). For dc/Λ = 0.6, the corresponding wavelength
bandwidth reaches 500 nm (from 1.2 to 1.7 µm), which is covering the O-band to the U-band. This is a
great advantage for the wide application in the future.

























Figure 11. The variation of difference between a fixed device length and the corresponding conversion
length (L− Lpi) and the modal hybrid against different operation wavelengths.
Figure 12. The wavelength dependence of the PC with different hole sizes.
4. Conclusions
In this paper, we focused on designing a novel square lattice PCF based PC element which has a
simple construction and a large structural tolerance. Considering the fabrication technology of the PCF,
only one type of circular air hole is adopted to consist the PC. In the periodic square lattice, one unit cell
is defected to form the core, which allows the PC to achieve a Gaussian-like field distribution. FDTD
simulation results reveal that a high PCE of 99.4% is achieved with a short device length of 53 µm,
and the corresponding ER is lower than −21.8 dB. Large structural tolerances and low wavelength
dependence have been demonstrated through our proposed PC. Therefore, we believe that this kind of
PC has a great practical potential for optical communication systems in the future.
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